1 trial, reporting 86.8% aneurysm occlusion at 12-month follow-up angiography among a cohort of large, wideneck aneurysms of the internal carotid artery (ICA). The worldwide experience has since been characterized by device utilization in a more varied aneurysm population, 7 and by the overall trend toward limiting the number of implanted devices per case, compared with the 3-device median per aneurysm in the PUFS trial. An occlusion rate of 76% at 6-month follow-up was calculated in a recent meta-analysis of the flow diversion literature 3 that included treatment of smaller aneurysms than those reported in the PUFS trial. The processes underlying successful aneurysm closure with the PED and other minimally porous endoluminal devices (MPEDs) have been discussed at length elsewhere. 6 Briefly, implantation of an MPED or multidevice construct across the aneurysm neck immediately modifies flow within the aneurysm and reconstructed arterial lumen, together referred to as flow diversion. The resulting intraaneurysmal stasis leads to thrombosis within the aneurysmal sac in most cases. Although frequently rendering the aneurysm angiographically occult, the initial thrombosis does not immediately produce a cure nor offer complete protection against delayed rupture or expanding mass effect, but abbreviations ICA = internal carotid artery; MPED = minimally porous endoluminal device; PCoA = posterior communicating artery; PED = Pipeline Embolization Device; PRU = platelet reactivity unit; PUFS = Pipeline for Uncoilable or Failed Aneurysms; ROC = receiver operating characteristic. obJective A detailed analysis was performed of anterior circulation aneurysms treated with a Pipeline Embolization Device (PED) that did not progress to complete occlusion by 1-year follow-up. Angiography was performed with the purpose of identifying specific factors potentially responsible for these failed outcomes. MethoDs From among the first 100 patients with anterior circulation aneurysms, 92 underwent 1-year follow-up angiography and were individually studied through review of their pre-and postembolization studies. resUlts Nineteen aneurysms (21%) remained unoccluded at 12 months. Independent predictors of treatment failure, identified by logistic regression analysis, were found to be fusiform aneurysm morphology, decreasing dome-to-neck ratio, and the presence of a preexisting laser-cut stent. Further examination of individual cases identified several common mechanisms-device malapposition, inadequate coverage of the aneurysm neck with persistent exchange across the device, and the incorporation of a branch vessel into the aneurysm fundus-potentially contributing to failed treatment in these settings. conclUsions Attention to specific features of the aneurysm and device construct can frequently identify cases predisposed to treatment failure and suggest strategies to maximize favorable outcomes.
likely requires neointimal overgrowth of the construct to fully exclude the aneurysm from the circulation. 6 This broad outline suggests conditions that must be met to achieve a cure, and possible factors that could interfere with it. This study focused on identifying the factors likely to produce such suboptimal outcomes.
Methods
The authors performed a retrospective review of a prospectively maintained institutional database of consecutive patients treated with the PED, which was approved by the Institutional Review Board. Posterior circulation and extracranial PED cases were excluded. All aneurysms were unruptured. Adjunctive coil embolization was performed in 9 cases, as deemed appropriate on an individual basis. All patients were pretreated with aspirin and clopidogrel, using several loading protocols congruent with overall medical management. The VerifyNow Assay (Accumetrics) was used in all cases to monitor platelet reactivity and adjust dosage for a target value of less than 220 P2Y12 platelet reactivity units (PRUs). Nonresponders were given additional clopidogrel until target P2Y12 values were achieved. Hyper-responders, defined as PRU < 20, were managed by reducing clopidogrel dosage in proportion to the degree of response. Dual antiplatelet therapy was continued for 6 months after the procedure; clopidogrel was either stopped or reduced after 6 months, depending on individual factors, whereas aspirin was continued indefinitely.
From among our first 100 patients with anterior circulation aneurysms, 92 underwent 1-year follow-up angiography. Procedural and follow-up angiograms were individually studied by all authors. The presumed cause or causes for nonocclusion were adjudicated and a consensus opinion established. Associations between 12-month occlusion and presence of a preexisting stent and fusiform aneurysm morphology were assessed with a 2-tailed Fisher exact test. Contiguous and multiple categorical variable associations, including dome size, neck size, dome-to-neck ratio, number of PEDs used, and aneurysm location, underwent receiver operating characteristic (ROC) curve analysis. Associations thus found to be significant were then subjected to a logistic regression analysis to identify factors independently predictive of treatment failure.
results
Nineteen cases of incomplete target aneurysm occlusion (21%), listed in Table 1 by aneurysm location, 12 were found among 92 of our first 100 consecutive patients with large and giant ICA aneurysms with available 1-year follow-up. Preexisting stents, from prior stent-assisted coiling, were significantly and independently associated with 12-month treatment failure based on the 2-tailed Fisher exact test (p = 0.03) and by logistic regression analysis (p = 0.02). Increasing aneurysm complexity, as reflected by saccular lesions with lower dome-to-neck ratios and fusiform aneurysm morphologies (circumferentially involving a vascular segment), was significantly and independently associated with treatment failure (fusiform morphology: p = 0.03, Fisher exact test, and p = 0.02, logistic regression; dome-to-neck ratio: p = 0.004, ROC, and p = 0.007, logistic regression). Neither aneurysm fundus size nor neck size alone achieved statistical significance. A larger num- Further evaluation of individual cases of treatment failure identified several radiographic findings common to failed treatment: 1) inadequate aneurysm coverage, leading to persistent exchange between the parent vessel and the aneurysm across the implant; 2) impaired implantation of the PED in the presence of a formerly placed laser-cut stent; 3) incorporation of branch vessels into the aneurysm fundus; and 4) evolving endoleak, arising as a consequence of primary maldeployment of the PED.
Discussion
This study demonstrates a relationship between the anatomical complexity of the aneurysm-as reflected by aneurysms with low dome-to-neck ratios and fusiform morphologies-and MPED treatment failure. Although the concept of dome-to-neck ratio is more commonly invoked as a predictor of coiling treatment failure, our results suggest its validity for endoluminal treatment analysis as well. Several mechanisms may account for observed suboptimal outcomes.
inadequate aneurysm coverage
Morphologically, larger and more complex aneurysms necessitate the creation of longer device constructs, with increasing potential for insufficient metal coverage or incomplete/deficient endothelialization. The extent of metal coverage for any given PED implant varies substantially as a function of device size relative to the size of the artery into which it is implanted; the degree of vessel curvature that must be accommodated by the device; number of devices used; and factors related to technique, such as degree of load or traction used in deployment of the device. 2, 8, 13, 14 Oversizing the PED typically leads to substantial decreases in metal coverage, 14 especially along curvatures. 16, 17 Treatment failure related to undercoverage typically manifests as broad areas of persistent exchange across the PED construct ( Figs. 1 and 2 ). However, even where multidevice constructs are used, the explicit cov- erage of the aneurysm neck may remain uneven due to variation in the exact overlay of braids upon each other (Fig. 3E) . 13 This factor is most pronounced in fusiform and extreme complex-neck aneurysms, where effective reconstruction can be aided by using a sufficient number of overlapping devices, consistent with the methodology validated in the PUFS trial.
1 Nevertheless, persistent exchange (aneurysm inflow) across multidevice constructs can still be observed in refractory cases due to foci of minimized coverage, which may occur with periodic- . 3 . Case 3. a-e: Focal contrast inflow along a segment of PED construct convexity (arrows, B and C), where metal coverage is expected to be particularly low. D: Schematic illustration of this mechanism. Outflow from the aneurysm can be directed back through the stent construct or, in case of cavernous aneurysms, into a dural branch such as the inferolateral or meningohypophyseal trunks. e: Three-stent overlap segmentation image, demonstrating the presence of several isolated cells with low focal coverage despite high overall coverage values, as demonstrated in a recent publication by Shapiro et al. 13 ity along constructs of overlapping devices (Fig. 3E) . We identified 4 cases where persistent aneurysm opacification proceeds through submillimeter holes in multistent constructs, typically located along curvature convexities (Fig. 3) . This phenomenon was observed in cases with an otherwise aggressive endothelial reaction, suggesting that local geometrical inhomogeneities in the overlapping devices rather than the assumed average construct coverage was a factor in maintaining aneurysm patency. All unoccluded fusiform aneurysms (Cases 6, 17-19) in our series underwent retreatment with additional PEDs; 3 have since gone on to complete closure, with follow-up pending in the remaining case.
Preexisting stents
Reduced efficacy of the PED in the face of preexisting stents has been previously described. 5, 9 In this series, 3 (75%) of 4 cases with preexisting stents remained unoccluded at 12 months (Table 1) . Laser-cut stents, such as the Neuroform (Stryker) or Enterprise (Cordis), particularly when implanted along an acute vessel curve, often do not fully appose the parent artery wall, either as a consequence of the rigidity of their component crowns (in opencell devices), or as a result of partial folding and kinking of closed-cell devices. 5 Navigating through the "true lumen" of these implants may be difficult, complicating subsequent PED deployment and implantation within the parent vessel. MPEDs deployed within these stents frequently do not fully appose the wall of the target vessel, unmasking the preexisting nonapposition of the indwelling stent, and potentially leading to establishment of endoleaks, or contributing to inadequate intimal overgrowth of the newly deployed MPED (Fig. 4) . Extending the MPED landing zone distal and proximal to the indwelling device (to allow implantation of the device in an intimal competent vascular segment and reduce endoleakage) is likely to maximize efficacy, although it remains problematic in our experience.
branch vessel runoff
Continued patency of normal branch vessels following their coverage by MPEDs is dependent on several factors, including the degree of metal coverage, the thrombogenic disposition of the patient, the degree of individual intimal reactivity, and interrelated factors affecting the flow through the jailed ostium (such as the size of the vessel and its vascular territory, the resistance to flow within the branch vasculature, and the availability of collateral support). When a branch vessel is incorporated into the target aneurysm, its runoff can potentially contribute to persistent filling of the aneurysm by the very same physiological processes theoretically responsible for the preservation of jailed branch vessels and perforators arising from normal segments.
Four ophthalmic (Table 1 , Cases 8, 9, 11, and 12; Fig. 5 ) and 3 posterior communicating segment aneurysm cases (Cases 14-16) were identified, as well as one anterior choroidal aneurysm described elsewhere. 11 Even under conditions in which a neighboring branch does not directly arise from the aneurysm, an analogous anatomical disposition may be artificially created by deployment of an undersized device in the aneurysmal segment, bringing the ostium of a nearby branch and the aneurysm neck into a common compartment external to the construct (Case 11; Fig. 6 ). In this construct, the branch artery serves as a potential source of outflow for the aneurysm compartment external to the newly created construct (Fig. 6C) . Selection of larger diameter devices to avoid this type of externalized aneurysm-adjacent branch vessel compartment must be balanced with goals of achieving adequate metal coverage and avoiding aberrant device implantation, more commonly noted with device oversizing. 13, 14 One may expect that final closure of such aneurysms would require concomitant occlusion of the associated branch, 15 as we observed in cases in which the aneurysm closed spontaneously in a delayed fashion (Fig. 6D) , or following retreatment of ophthalmic aneurysms with additional PEDs (Fig. 5E and F) , as has been previously reported in multiple case reports of failed ophthalmic, 4, 10 anterior choroidal, and PCoA aneurysms. 11, 15 endoleak Both proximal and distal endoleaks can interfere with aneurysm occlusion. Although the classic endoleak is not present immediately after treatment due to the porosity of the MPED construct, endoleaks can evolve as an incompletely imbedded device becomes variably covered by neointimal overgrowth, permitting continued filling of the aneurysm through an aberrant channel that develops between the device and the vessel wall over the segment where the construct is unapposed. Thus, endoleakage implies inadequate device-to-wall apposition. We identified 1 distal landing zone endoleak (Case 1; Fig. 7 ) success- fully closed by placing an additional PED across the distal landing zone.
Identification of deficient device-to-wall apposition can be aided by careful postdeployment biplane angiography in the unsubtracted mode, and DynaCT imaging evaluation, wherever appropriate. Deficiencies may be addressed using the J-wire technique, "bumping" the proximal edge with the delivery catheter, or balloon angioplasty. Established endoleaks can be successfully managed by implanting an additional PED across the leak.
study limitations
This study has limitations, which include its retrospective design and demonstrably subjective evaluation, with no core lab validation. Several potential critical factors that might influence occlusion, such as the degree of individual endothelialization propensity, could not be formally examined. Determination of aneurysm occlusion was based on angiographic rather than transaxial imaging, precluding the possibility of identifying an increasingly recognized subgroup of angiographically occluded yet persistently expanding (thrombosed) aneurysms. The explanation for this phenomenon is likely one of complete intraaneurysmal thrombosis (and therefore apparent angiographic occlusion) in the setting of incomplete endothelialization of the construct, potentially leading to continued aneurysm growth and possible recanalization.
conclusions
Mechanisms for aneurysm nonocclusion can be frequently identified by examination of individual cases. Persistent filling of an aneurysm requires the presence of both inflow and outflow zones. Preexisting stents, complex and fusiform aneurysm morphology, branch vessel runoff, and technical shortcomings such as endoleaks are responsible for maintenance of such inflow and outflow foci. A priori consideration of these factors can help identify aneurysms The ophthalmic artery, initially separate from the aneurysm, is secondarily incorporated into the aneurysmal compartment by placement of an undersized device (arrow). c: At 12 months postreatment the ophthalmic artery now fills from the aneurysm, rather than through its natural ostium, in accordance with the mechanism shown in A. D: At 3 years, both the aneurysm and ophthalmic artery are closed. at increased risk for nonocclusion and suggest strategies to address the situation.
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